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Abstract 
 

This interim Final Report presents the results of a 1-year project to design and demonstrate experimental methods to 
measure the performance of fluidic thrust vectoring on internal and external expansion hypersonic nozzles. A numerical 
study of both configurations is reported. Experimental measurements for the external expansion nozzle are also reported. 
The final phase of the project, repeating the experiments for the internal expansion nozzle, will be completed in early 
2019. 

 
Motivation 

Hypersonic vehicles require fast response aerodynamic control with sufficient control authority. Existing techniques rely 
on aerodynamic control surfaces (Skujins 2010) that increase mass and drag and suffer from extreme thermal-structural 
heating (Van Wie et al. 2004). Fluidic thrust vectoring (FTV) employs the injection of a secondary flow into the nozzle 
exit flow to steer the exhaust and thus vector the thrust (Figure 1). This can potentially be achieved at significantly lower 
mass and complexity than mechanical thrust vectoring systems. More efficient scramjet designs may therefore be possible 
using FTV, that reduce or even eliminate the need for these aerodynamic control surfaces.  

It has been shown that reaction control thrusters exhausting into a hypersonic cross flow can result in useful amplification 
of the momentum thrust (Spaid 1975, Brandeis & Gill 1996, 1998). Other studies have examined the use of 
magnetohydrodynamics for this same purpose (Shneider & Macheret 2005, Macheret et al. 2004) but these systems are 
also unproven and are likely to require more dedicated on-board hardware and thus be significantly heavier than an FTV 
system. 

 

 
Figure 1. FTV on a hypersonic vehicle 

 

A growing body of work (e.g. Berens 1993, Sellam et al. 2015), including that undertaken at UNSW Canberra by the CI 
(Neely et al. 2007, Ali et al. 2012, Bright et al. 2014, van Pelt et al. 2015), has examined the application of FTV to a 
range of nozzle geometries, particularly rockets and gas turbine nozzles, but the experimental work has all been into a 
quiescent, ambient air (e.g. Figure 2). Those studies that have been performed on scramjet exhausts have been purely 
numerical. In the application of FTV to scramjet nozzles, the interaction between the exhaust flow from the nozzle and 
the injected secondary flow will be subject to a further interaction with the hypersonic freestream, which must be 
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investigated to quantify its effect on the FTV. This study extends a pilot study, recently funded at UNSW ($20k) to 
establish an experimental methodology to perform experiments on FTV nozzles in a hypersonic cross flow. The initial 
proof of concept study was performed in Australia in the first half of 2017 and was limited to 15 shots and to a single, 
non-optimised external expansion nozzle geometry at Mach 5.8. Due to manufacturing constraints, only a simple single 
(almost) full width slot injector was used. The current project, described in this report, with experiments undertaken in 
the High Density Tunnel at the University of Oxford, has continued this work by evolving the design of the model and 
its instrumentation to incorporate a more complex supersonic nozzle injector arrangement. This new work more 
comprehensively characterises the flow field and compares the fluid dynamics and performance in both generic external 
and internal compression nozzles. 

 

 
Figure 2. Testing a 2D FTV nozzle in the UNSW supersonic nozzle rig, expansion into quiescent ambient air. (a) 20 bar 

supply pressure, 4 bar injection pressure; (b) 20 bar supply pressure, 8 bar injection pressure. 

 

 
Figure 3. Layout of the original scramjet FTV experiments performed in the TUSQ facility by van Pelt (2018) showing 

(a) a CAD image of the model within the nozzle exit flow core and (b) a photo of the instrumented model in the test 
section. 

 

Aims 

Experimentally measure the relative side force produced by an external thruster, and FTV on generic internal and external 
expansion nozzles. Comparison of these three cases will enable assessment of the relative performance for the given 
configurations and the accuracy of analytical models based on blast theory in predicting the side force. 

 

Significance 

This project continues the first published experimental investigation of FTV on a scramjet configuration. It measures the 
control forces on FTV equipped external and internal expansion nozzles in representative hypersonic cross flow 
conditions. It establishes an experimental methodology to determine the interaction of the injectant with the core exhaust 
flow and the hypersonic freestream flow and measure the influence of an external expansion nozzle (Gu et al. 2011) with 
FTV on control authority. Both internal and external expansion nozzles have been employed in the design of scramjet 
powered vehicles including NASA’s X-43 (Figure 4) and the USAF’s X-51 (Figure 5) respectively. 

8.3 Model Design

the sting in order to reduce drag. A flexible supply hose is fitted to the end of the hard supply pipes

that are shown to make sure that no forces are transmitted through the supply line.

Figure 8.9: Computer render of experimental scramjet model, top view (left), isometric view
(right)

Figure 8.10 electronically shows the scramjet model inside the tunnel, Figure 8.11 shows the

scramjet model installed in the tunnel during the experiments. while the image on the right shows

the model compared to the nozzle. The picture on the left hand side shows the red core flow with

the model inside it, in which it can be seen that the model fits inside the core flow.

Figure 8.10: Scramjet model inside core flow (left), side view in front of nozzle (right)

In the experiments, the model has been placed more forward then initially designed with re-

spect to the nozzle, in order to have the nozzle in the field of view of the schlieren system. This

placed the model more inside the coreflow which has no influence on the experiments.

131

Chapter 8 : Hypersonic Implementation of Shock Vector Control

Figure 8.11: Experimental scramjet model installed in TUSQ

The injection in the nozzle is an injection into an expanding nozzle flow. To be able to compare

this against injection into a non-expanding flow a flat plate has has also been tested. As can be

seen in Figure 8.12, the inlet ramp and support design are the same as for the scramjet design,

except the nozzle has been replaced with a flat plate. The injector is at 308 mm from the leading

edge. This is different from the scramjet design, where the injector is at 303 mm from the leading

edge, which ensures that the flat plate and the scramjet injectors have the same moment arm.

Figure 8.12: Flat plate model design, top view (left), isometric view (right)

Figure 8.13 shows the installed flat plate model, for which the same location inside the tunnel

was used as for the scramjet. The technical drawings of the scramjet and flat plate model can be

found in Appendix B. The filler that can be seen on the model is used to smooth out any sharp

transitions which would cause shocks and disturb the boundary layer on the model.

132
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Figure 4. Figure 4. External expansion nozzle on the X-43 Hyper-X vehicle. (NASA). 

 

 
Figure 5. Internal expansion nozzle on the X-51 waverider (Dahm 2010) 

 

Numerical study of FTV performance in internal and external expansion nozzles 

To provide design and validation data for the experiments, 2D CFD simulations were performed on four different 
geometric model configurations that combined upstream and downstream injector locations with the internal and external 
nozzle designs incorporating different length cowls. The two-dimensional geometry of the scramjet model is shown in 
Figure 6 for the external expansion nozzle configuration. The internal expansion nozzle configuration simply extends the 
cowl a further 98.2 mm to the end of the model. The wind tunnel model adds 5 mm sidewalls extending from the leading 
edge to the trailing edge of the cowl. 

34 
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Figure 6. Dimensions of model (in mm) with external expansion nozzle. For the internal expansion nozzle, the cowl is 

lengthened a further 98.2 mm to the rear of the model. 

 

The simulations were performed using the ANSYS Fluent solver (v18.2). The k-ω SST turbulence model was chosen for 
its ability to resolve adverse pressure gradients, to predict flow separation, and its suitability to simulate internal flows 
(e.g. Ali et al. 2012, Bright et al. 2014). The boundary conditions were set to the nominal experimental freestream 
conditions, which were, in Figure 8, p0 = 13 and 21.5 bar and T0 = 460 K at a Mach number of 6. This resulted in 
freestream unit Reynolds numbers of 18.57 and 20.89 ×106 m−1. The pressure of the injected gas was stepped from 0 kPa 
to 120 kPa. The forces and moments from this analysis were used in the sizing of the chosen load cell as well as for the 
dimensioning of the mounting for the experiment. 

The initial 2D CFD simulations were performed for both upstream and downstream injector locations using a supersonic 
slot injectors. As pitch moment is the desired control output, locating the injectors as far downstream of the vehicle CoG 
is advantageous.  

 

Figure 7. 2D CFD steady state simulations of the Mach number distributions in the flow field for (a) no injection, (b) 
downstream injection and (c) upstream injection for both the external and internal nozzle configurations. 

 

No Injection

Downstream Injection

Upstream Injection
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Table 1 compares the component and net forces and moments on the model from the 2D CFD simulations shown in 
Figure 7. The 2D results have been approximated to the 3D case by multiplying the values calculated per metre width by 
the width of the test model (0.08 m). As expected the net change in moment generated by the activated FTV system is 
greater for the downstream injector than the upstream injector. Interestingly the increase in pitching moments are greater 
when FTV is employed on the external expansion nozzle as compared with the case for the internal expansion nozzle. 

While Spaid (1975) found little influence of the crossflow Mach number and injector position on the amplification factor 
for his experiments on injection from a flat plate, it should be noted that he was (a) only using sonic injectors and (b) 
injecting into a non-expanding flow. Wu et al. (1961), in a study on injection into a conical nozzle, demonstrated the 
additional effects of the injection Mach number and the resultant Mach number ratio, that is itself dependent on the 
expansion in the nozzle and thus where the injectors are located in a nozzle. This all leads to a greater side force (and not 
just moment) for downstream injectors. This is borne out slightly from the predicted forces reported in Table 1. 

   

Table 1. Comparison of component and net forces and moments from 2D CFD simulations shown in Figure 7. 

 
 
 
The CFD provided a prediction of the flow field over the model and around the injector slot. The results are self- 
consistent, with an increase in deflection of the main flow and larger separations of the upstream boundary layer at higher 
injection pressure ratios. The results showed a similar behaviour for the second set of simulations undertaken at a higher 
tunnel fill pressure of 21.5 bar, though the deflection is smaller for a given injection total pressure. After the testing it 
could be seen that the CFD tended to over-predict the resulting forces as well as the size of the boundary layer separation 
in comparison to the experimental results. This is expected as the simulations were performed in 2D, and they did not 
account for the limited width of the injector array or allow for flow spillage over the sides of the model. However, the 
overall simulated behaviour of FTV was consistent with the experimental data. The extent of the injected gas (N2) is also 
presented in Figure 9 as mole fraction. The majority of this gas flows directly away from the model and out of the rear 
boundary of the simulation, but a small amount back-fills the separated volume. However, this does not reach the upstream 
shock location. 

 
 

EXTERNAL EXPANSION NOZZLE

Zone                      Fx [N]      Fy [N] Mz(0,0) [Nm] Zone              Fx [N]      Fy [N] Mz(0,0) [Nm] Zone              Fx [N]      Fy [N] Mz(0,0) [Nm]
front  336.84 -1039.39 -86.04 front                 338.59 -1039.28 -85.94 front                 337.7 -1037.5 -85.8
top                      6.61 -721.88 -137.63 top                  5.93 -774.56 -147.22 top                  6.3 -798.3 -151.7
back                    -57.86 -175.45 -42.06 back                   -68.16 -194.56 -47.19 back                   -66.9 -193.3 -46.0
bottom                9.31 330.74 50.56 bottom              10.29 332.96 50.97 bottom              10.4 333.4 51.1
cowl                  64.65 895.44 150.92 cowl                     67.62 915.17 153.77 cowl                     68.7 936.7 157.5

Net                    359.55 -710.54 -64.25 Net               354.28 -760.26 -75.61 Net               356.1 -759.0 -74.9
Net*0.08 28.76 -56.84 -5.14 Net*0.08 28.34 -60.82 -6.05 Net*0.08 28.5 -60.7 -6.0

delta 0.42 3.98 0.91 delta 0.28 3.88 0.85

INTERNAL EXPANSION NOZZLE

Zone                      Fx [N]      Fy [N] Mz(0,0) [Nm] Zone              Fx [N]      Fy [N] Mz(0,0) [Nm] Zone              Fx [N]      Fy [N] Mz(0,0) [Nm]
front  337.19 -1039.90 -86.12 front                 336.62 -1036.47 -85.71 front                 337.5 -1038.4 -85.9
top                      6.68 -730.75 -139.22 top                  6.06 -752.03 -143.16 top                  6.6 -1129.7 -132.0
back                    -72.62 -214.94 -53.29 back                   -88.42 -239.72 -60.20 back                   -79.0 -218.0 -54.7
bottom                9.36 330.79 50.59 bottom              9.75 331.74 50.79 bottom              10.0 329.5 50.3
cowl                  79.40 1414.68 276.64 cowl                     81.90 1422.05 277.99 cowl                     81.2 1351.2 264.2

Net                    360.01 -240.11 48.60 Net               345.91 -274.44 39.72 Net               356.4 -705.4 41.8
Net*0.08 28.80 -19.21 3.89 Net*0.08 27.67 -21.95 3.18 Net*0.08 28.5 -56.4 3.3

delta 1.13 2.75 0.71 delta 0.29 37.22 0.54

No Injection

No Injection Downstream Injection Upstream Injection

Downstream Injection Upstream Injection
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Figure 8. Comparison of Mach number distribution for simulations performed on the external expansion nozzle 
configuration at different injection pressures, total freestream pressure and total injection pressure as indicated. 

 

 
Figure 9. Detail of CFD simulation of injection of N2 into a crossflow of air for comparison with the PSP injection 

footprint studies. 

 
Wind Tunnel Model Design 

The experimental model was designed as a 2D generic scramjet shape, following a similar geometry to van Pelt et al. 
(2017). The two ramp intake compresses the freestream flow before expanding it through a 19° straight-sided nozzle 
(Figure 10). For the initial experiments in the Oxford HDT, the injector was located at the end of the exhaust on the body 
side to maximise the moment arm and the penetration into the expanded cross flow. Figure 11 shows CAD images of the 
model, where the model is 311.6 mm long and 80 mm wide. This configuration thus formed a 2D generic analogue of an 
external expansion scramjet nozzle like that used on the NASA X-43 (McClinton 2016), although the actual geometry 
was two-dimensionalised and the intake and nozzle angles were adjusted to suit the Mach 6 free-stream condition in the 
HDT. 

 

Figure 10.  the NASA X-43 (McClinton 2016) compared with the design used in this project, flow direction indicated 

William Ivison  4YP 11455 
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3. Model Development & Numerical Simulations 

3.1 Overall design 

The overall shape of the scramjet model is very roughly based on a scramjet powered hypersonic 

aircraft such as the NASA X-43, with a 2-stage compression ramp leading into a short combustion 

chamber and an external expansion nozzle. This can be seen in figure 3.1. Unlike the X-43, however, 

this model is not optimised for sustained hypersonic flight and therefore there were fewer 

considerations to be made about specific design points like the ramp angles and the overall 

proportions. The same basic design was used by van Pelt et al. (2017). Figure 3.2 shows a cross-

section of the design with the dimensions of the model. The flow is compressed before it enters the 

combustor beneath the cowl and expands as it passes over the rear surface. In addition to this 

design, a model with an internal expansion nozzle was designed, figure 3.2 also shows this. The 

overall shape is identical but the cowl and sidewalls extend to the rear of the model. 

 

 

Figure 3.1 – the NASA X-43 compared with the design used in this project, taken from 
https://www.aerospace-technology.com/wp-content/uploads/sites/15/2017/10/X-

43HYPERX_7.jpg, flow direction indicated 
 

 

Figure 3.2 – cross-section of the design, showing dimensions in mm, long cowl for internal 
expansion nozzle shown in red 

   

U∞ 
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Figure 11. Assembled and exploded CAD images of the FTV wind tunnel model, in the external expansion nozzle 
configuration, showing detail of the flow shielding around the load cell and model support. 

Measurements were taken of surface pressure along the body, injection pressure and temperature, and loads and moments 
on the model. A commercial Tecsis F9866 six-component load cell (tecsis.com) was used to measure the forces and 
moments on the model for both injection-on and -off conditions. The injection-off measurements were used to baseline 
the net forces and moments for the FTV. The load cell had a full range of 200 N and 6 Nm and had a nominal bandwidth 
of 2 kHz. The moment arm used was 145 mm downstream and 61 mm below the leading edge of the model.  

 

Figure 12. (a) Geometry and capacity of the commercial Tecsis F9866 six-component load cell. (b) disassembled load 
cell showing instrumented cruciform and attachment plate. 

The initial model design used in these experiments followed the approach of van Pelt et al. (2017), used in the TUSQ 
facility at the University of Southern Queensland in Australia, by mounting the model vertically above load cell using a 
stiff support arm to connect the model to the horizontally mounted load cell. Unlike the arrangement in TUSQ in which 
the support arm incorporated a sharp leading edge and was directly exposed to the test flow, the model designed and 
manufactured for the Oxford HDT used a large, rigid shield to protect the support arm and the load cell from aerodynamic 
loading by the flow (Figure 13). The difference in the relative positions of the nozzle centreline and the model support 
bed between TUSQ and the HDT, however, resulted in a significant increase in the length of the support arm. This in turn 
exacerbated the problem originally observed by van Pelt et al. (2017) of the model rocking backwards during the run due 
to the compliance of the load cell, varying the angle of attack of the model during the experiment. The side shield plates 
had to be modified to accommodate this rocking and prevent unwanted contact between the free-floating model and the 
shields in the initial pass-off testing in the HDT. 

             06/2016   V2.2

F9866

tecsis (Shenzhen) Sensors Co.,Ltd.

Add: No.102, B Block,Hytera Science and Technology Park, No.3 Baolong 4th Road, Longgang Dist, Shenzhen, China 518116

Tool free : +86 4008 692 296     Fax: +86 755 89938772     Web: www.tecsis.cn    E-mail: info@tecsis.cn

Lncdk9F9866

Multi Component Force Sensor
Six Dimensional Force Sensor

 Features & Applications

 • Six dimensional force sensor

 • Made of aluminium alloy

 • Easy to install and replace

 • High accuracy

 • Widely used for teleoperator, robotic 

surgery,precise assembly, automatic 

grinding, contour tracing, robot arms 

coordination

Size and Capacity

Technical Parameters

Note：Interference among six dimensions ≤ 5%.

Load Direction

Capacity

Fx Fy Fz Mx My Mz 材料 /Material 重量 /Weight

50N 50N 50N 1.5N.m 1.5N.m 5N.m

Aluminum alloy 0.17kg
100N 100N 100N 3N.m 3N.m 10N.m
200N 200N 200N 6N.m 6N.m 20N.m
300N 300N 300N 9N.m 9N.m 30N.m

Output(mV/V) 1.0 1.0 1.0 1.0 1.0 0.5

4xM6   10

4xØ6.5  3

50 72

50
72

M8

Ø11 

30
00

23

6.5 

Specifications Technique (Fx,Fy,Fz,Mx,My,Mz)

 Zero balance ± 2% F.S.

 Total error 0.5% F.S.

 Crosstalk-No Adjustment 5% F.S.

 Crosstalk-With Adjustment 2.5% F.S.

 Temp. effect on output 0.5% F.S. / 10ºC

 Temp. effect on zero 0.5% F.S. / 10ºC

 Output impedance 350± 5Ω

 Recommended excitation 5~10V 

 Maximum excitation 15V  

 Operation temp. range -10 ~ 60ºC

 Safe overload 150% F.S.

 Ultimate overload 200% F.S.

 Cable size Ø 2.4×3000mm (2x)

 Protection class IP65

 Cable color code

Power:                Exc+(Red)       Exc-(Black)
                     Fx:  Sig+(Green)    Sig-(White)
F Channel:  Fy:  Sig+(Blue)      Sig-(Yellow)
                     Fz:  Sig+(Brown)   Sig-(Grey)
                     Mx:  Sig+(Green)   Sig-(White)
M Channel: My:  Sig+(Blue)     Sig-(Yellow)
                     Mz:  Sig+(Brown)  Sig-(Grey)
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Figure 13. Photos showing the initial model configuration used in the Oxford HDT incorporating the long support arm 
joining the free floating model to the six-component load cell. 

For the comprehensive test campaigns, the model was modified by significantly shortening the support, and thus the 
moment arm and attaching it to the six-component load cell which was mounted directly to the inside of the flow shield 
(Figure 11). The orientation of the load cell was changed to the vertical axis thus also reducing the compliance of the load 
cell. These modifications together served to reduce the rocking of the model during the experiments sufficiently to not 
influence the measurements. 

The injector was slot like (Figure 14), and contained a transverse array of six, closely-spaced, individual converging 
diverging supersonic nozzles which were choked to ensure the mass flow rate was independent of the local freestream. 
The nozzles had a total throat area of 25.2 mm2 and an exit area of 42 mm2, giving a nominal exit Mach number of 2. The 
manufactured slot injectors are shown in Figure 15. Calibration of the injector nozzles measured a discharge coefficient 
of 0.81.  

 

 
Figure 14. CAD images showing detail of the injector plenum and 3 pairs of supersonic injector nozzles in the 3D 

printed model. 

 
Figure 15. Photo of the upper surface of the model showing the relative positions of the slot injectors and the pressure 

tappings on the nozzle surface. 

William Ivison  4YP 11455 

12 
 

Injection system 

The aim of the design of the injection system was to supply a steady stream of air into the exhaust 

flow in the expansion nozzle of the model during the test period. In order to be able to approximate 

the flow as 2-dimensional the injection was based on a slot. However, if a plain slot was used the 

velocity profile along its length would have been non-uniform – the profile would peak in the middle 

of the slot. This caused problems in van Pelt et al. 2017, as they weren’t able to manufacture very 

complex geometries. One way of getting around this is to split the internal geometry of the slot into 

multiple sections – each section would have a separate velocity profile and the overall velocity profile 

of the slot would be more uniform. Also, to ensure that each section of the slot have similar mass 

flow rates, the sections were given a converging-diverging geometry to achieve choked flow at the 

injection exit. 

The design shown in figure 3.10 has been adapted from the design used in van Pelt et al, 2017. The 

plenum has a slightly larger volume, this will help to distribute the gas more evenly. The injection 

nozzles are also wider because of the limitations of the manufacturing techniques. 

The plenum consists of a raised volume which splits into three smaller volumes, each boundary 

between the central area and each arm has the same cross-sectional area (indicated by the red 

lines). Each arm feeds two converging-diverging nozzles – each with a throat to exit area ratio of 0.6 

and an effective throat diameter of 5.6 mm. 

 
 

Figure 3.10 – three views of the 
injection geometry 

 

The geometry of the injection system was also tested using CFD. A 3-dimensional solution was 

obtained to investigate the velocity profile along the length of the injection slot. Figure 3.11 shows 

Distribution A. Approved for Public Rlease, Distribution Unlimited 



  9 

The geometry of the injection system was simulated using CFD. A 3-dimensional solution was obtained to investigate 
the velocity profile along the length of the injection slot. Figure 16 presents the results from this simulation showing that 
the manufactured injection geometry successfully produces an injection with a fairly even velocity profile along its width. 
The flow simulated here injects into a vacuum so the results don’t incorporate the effects of cross flow on the flow 
structure like that experienced in the experimental tests. 

 

 

Figure 16. Contours of Mach number for the injection geometry – 20 kPa into a vacuum. 

 
Figure 17 shows a photograph of the instrumentation mounted internally within the model. The intake and nozzle block 
portions of the model were manufactured as a single piece using a Stratasys Objet30 Pro 3D printer to enable the complex 
internal geometry of the injectors and supply plenums to be produced at low manufacturing cost. This plastic block was 
mounted into an aluminium body to form the scramjet geometry which was in turn mounted on the aluminium support 
member. 

Honeywell SDX15A2 pressure transducers were connected to the model at locations along the centreline of the body and 
laterally slightly upstream of the injector. These were joined to the surface with flexible tubes less than 50 mm long to 
minimise response times. Additionally, one was connected to the plenum of the injection system. All pressure transducers 
were directly connected to the DAQ. These were calibrated whilst pumping down the test section using an Inficon 
CDG025D high precision vacuum gauge.  

Flow field visualisation was obtained using high-speed video schlieren. All pressure transducers and thermocouples were 
recorded using an NI PXIe-8135 controller with NI PXIe-6368 acquisition cards at 200 kS/s/channel. Timings for the 
cameras were set through the digital acquisition system (DAQ), which was triggered off the rise in tunnel stagnation 
pressure with a pre-trigger time of 300 ms. 
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the results from this simulation. The results from this CFD show that the proposed injection geometry 

successfully produces an injection with a fairly even velocity profile along its length. The flow 

simulated here injects into a vacuum so the results don’t indicate the flow structure will be like in the 

experimental tests.  

 

 

  

a) A view of the nozzle cross-section with 
approximate locations of view b) (vertical) 
and view c) (horizontal) 

b) A side view 

 

c) A view normal to the surface of the model 

Figure 3.11 – contours of Mach number for the injection geometry – 20 kPa into a vacuum 

Stress analysis 

A finite element method (FEM) was used to assess the structural integrity when pressurised. The 

analysis was carried out using the static structural tool in the Ansys Workbench. In order to save 

computational power only a section of the main body was used, as well as a symmetry plane. Figure 

3.12 shows the results of this analysis with the internal surfaces experiencing 1 MPa. The printing 

material, VeroGray, has a tensile strenth of 58 MPa. 

The symmetry face was treated as a frictionless support and both the lower face and the cut face 

were treated as fixed supports. The largest stress is experienced at one of the internal vertices with 

a value of ~10 MPa. This could be reduced by adding more fillets to the internal geometry. However, 

a safety factor of 5 was deemed to be large enough. 
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Figure 17. Detailed view of the pressure and thermocouple instrumentation within the cavity of the 3D printed plastic 
model. The aluminium base is also shown as is the gas feed to the internal plenum chamber. 

A 0.25 mm diameter butt-welded K-type thermocouple was mounted into the middle of the entrance pipe to the injector 
plenum (Figure 17). Flow speeds here were estimated to be 95 m/s, which gives a slow response to the thermocouple, 
estimated to be 1 ms. However, the start-up transients are observed to become steady within the test period. The 
thermocouple was amplified with a FYLDE FE-351-UA, with a gain of 1000. 

Each channel of the load cell was amplified using a FYLDE FE-H379-TA set in a full bridge mode with a 30 kHz low 
pass filter and had a gain of 1000. The load cell was statically calibrated using dead weights. The raw force and moment 
readings from the load cell exhibited a significant amount of noise at two specific frequencies. Therefore, two notch filters 
were used in series: the first centred on 100 Hz and the second centred on 5 kHz. 

To measure the distribution of pressure across the nozzle and enable visualisation of the footprint of the separation 
interaction at the injectors, ISSI FP Porous, Fast Response Pressure Sensitive Paint (PSP) was applied to the wetted 
surface of the nozzle. This was calibrated in the same manner as the pressure transducers. The PSP was illuminated from 
directly above with a Luminux CBT-180 UV LED at 24 V (Willert et al. 2010) mounted to support rails on the ceiling of 
the test section, with a diffuser placed in front of it. The surface was imaged via a mirror onto a Photron Mini-UX 200 at 
a frame rate of 10 kfps and used a red notch filter in front of the lens. The images were transformed frame-by-frame using 
edge detection back to cartesian co-ordinates which compensated for model motions due to vibration. This applied the 
data processing techniques detailed in Hermann et al. (2018). 

 

Experimental Set up 

Testing took place in the Oxford High Density Tunnel (HDT), operated as a heated Ludwieg Tunnel (Figure 18). The 
facility features a 152 mm diameter, 17.3 m length barrel that can be pre-heated up to 550 K, which allows the high 
pressure test gas to be expanded to hypersonic Mach numbers while avoiding liquefaction.  A Mach 6 contoured nozzle 
with an exit diameter of 350 mm was used. The initial fill conditions are set to meet the desired stagnation pressure and 
temperature in the test, which are directly measured. The facility produces up to five plateaus of steady flow of 
approximately 30 ms each, set by the plug opening time and the transit of the unsteady expansion waves along the facility. 
A particular benefit of this facility for FTV work is the range of test conditions that can be achieved and sufficient test 
times to allow the use of a traditional load cell. In contrast, shock tunnels, with durations of order 1 ms, would require a 
more complex methodology (Mee et al. 1996). 
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Figure 18. Photograph of the Oxford University High Density Tunnel (HDT), looking downstream with an IR 

thermograph showing the tunnel in heated mode. 

The model was mounted in the test section at the exit of the Mach 6 nozzle (Figure 19) with the shielding and support 
rigidly bolted to the test section floor and located in view of the side windows. A mirror was mounted above and behind 
the model, outside of the test flow to enable imaging of the PSP response on the surface of the model (Figure 13, Figure 
19). 

A 108 mm diameter high speed Z-type schlieren system was setup for the experiments. This used a Luminux CBT- 180 
green LED, with optics to clean up the light source (see Hermann et al. 2018 for details). A Photron Mini AX-100 video 
camera was used to video the flow field at 1280×1000 pixels, and a frame rate of 5 kfps. In addition to providing 
information about the flow field, this was also used to determine the injection-induced separation distance on the nozzle. 

 

 
Figure 19. Photograph of the FTV model as installed in the Oxford High Density Tunnel. Illuminated PSP coated 

nozzle expansion surface (inset). 

 
To enable injection of a control flow, a new gas injection system was implemented in the HDT. This consisted of a 
4.9×10−3 m3 external reservoir, which was connected through valve V5 (Figure 20) with 8 mm internal diameter pipework 
to the test section. The fast-acting valve had a minimum differential opening pressure of 0.7 bar. A limiter could be 
included to cause a pressure loss which enabled low pressures to be reached in the plenum. This system was controlled 
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via the tunnel control system to executed prescribed valve opening and closing times in relation to the tunnel operating 
sequence. Timings were set so that the pressure in the model’s plenum reached a steady level before the tunnel was fired. 
The drop in plenum pressure over each test was < 1%. 

 

 
Figure 20. Schematic of the system used in the HDT to supply gas to the FTV injectors on the model. 

 
Wind Tunnel Testing 

The freestream conditions produced for the testing are detailed in Table 2. These values were calculated assuming 
isentropic expansion of air through the nozzle, using the measured stagnation pressure averaged over 30 ms and calibrated 
Mach number and total temperature. The viscosity was calculated via the Keyes relation (1952). 

Table 2. Nominal flow properties for each condition which was tested in the HDT. 

 

 

The primary mechanism that drives FTV is the flow field that occurs near the injection slot. The FTV force mainly results 
from a local increase in surface pressure due to a separation in the boundary layer upstream of the injector induced by the 
interaction of the strong shock generated by the plume of injectant. This is shown schematically in Figure 21 for sidewall 
injection into the flow over a flat plate investigated by Spaid (1975). The size of this separation can be measured directly 
from the schlieren footage or from the processed PSP data. Figure 22 shows a schlieren image from the high-speed 
experimental video with the primary flow features identified. Similar features occur in each case.  

 

Figure 2. High Density Tunnel injection system.

Figure 3. Dimensions of the FTV model.

B. Experimental Model

The experimental model was designed as a 2D generic scramjet shape, following a similar geometry to [14]. The
two ramp intake compresses the freestream flow before expanding it through a 19 degree straight-sided nozzle. The
injector was located at the end of the exhaust on the body side to maximise the moment arm. Figure 4 presents CAD
images of the model, where the model is 311.6 mm long and 80 mm wide. This configuration thus formed a 2D
generic analogue of an external expansion scramjet nozzle like that used on the NASA X-43 [19]. The whole model
was mounted to a 6-axis load cell via a bracket and shielded to prevent aerodynamic loading of the support and load
cell.

The injector was slot like (Figure 4), and contained six closely spaced individual nozzles which were choked to
ensure the mass flow rate was independent of the freestream. The nozzles had a total throat area of 25.2 mm2, an exit
area of 42 mm2. Calibration of the nozzle measured a discharge coefficient of 0.81. Figure 5 presents a photograph of
the model mounted in the HDT test section. The intake and nozzle block portions of the model were manufactured as
a single piece using a Stratasys Objet30 Pro 3D printer to enable the complex internal geometry of the injector to be
produced at low manufacturing cost. This was mounted into an aluminium body to form the scramjet geometry.

C. Instrumentation

Measurements were taken of surface pressure along the body, injection pressure and temperature, and loads and mo-
ments on the model. Flowfield visualisation was obtained using high-speed video schlieren. All pressure transducers
and thermocouples were recorded using an NI PXIe-8135 controller with NI PXIe-6368 acquisition cards at 200
kS/s/channel. Timings for the cameras were set through the DAQ, which was triggered off the rise in tunnel stagnation
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a variety of conditions and injector pressure ratios.

II. Experimental Setup
A. Oxford High Density Tunnel

Testing took place in the Oxford High Density Tunnel (HDT), operated as a heated Ludwieg Tunnel. The facility
features a 152 mm diameter, 17.3 m length barrel that can be pre-heated up to 550 K. A Mach 6 contoured nozzle
with an exit diameter of 350 mm was used. The initial fill conditions are set to meet the desired stagnation pressure
and temperature in the test, which are directly measured. The facility produces up to five plateaus of steady flow of
approximately 30 ms each, set by the plug opening time and the transit of the unsteady expansion waves along the
facility. A particular benefit of this facility for FTV work is the range of test conditions that can be achieved and
sufficient test times to allow the use of a traditional load cell. In contrast, shock tunnels, with durations of order 1 ms,
would require a more complex methodology [17].

Figure 1. Photograph of the Oxford University High Density Tunnel (HDT), looking downstream. Thermal view (right).

The freestream conditions produced for the testing are detailed in Table 2. These are calculated assuming isentropic
expansion of air through the nozzle, using the measured stagnation pressure averaged over 30 ms and calibrated Mach
number and total temperature. The viscosity is calculated via the Keyes relation [18].

Table 2. Nominal flow properties for each condition which was tested in the HDT.

Con- Mach Velocity Density Static Static Total Total Viscosity Reunit
dition number (m/s) (g/m3) pressure temperature pressure temperature (Pa.s) (106/m)

(Pa) (K) (MPa) (K)
1 6 823 87.0 1172 47.0 1.85 385.0 3.30⇥10�6 21.7
2 6 822 75.4 1013 46.8 1.60 383.7 3.45⇥10�6 18.0
3 6 821 66.2 887 46.7 1.40 382.6 3.29⇥10�6 16.5
4 6 819 53.1 709 46.5 1.21 381.6 3.04⇥10�6 14.3
5 6 823 61.1 823 47.0 1.30 385.0 3.81⇥10�6 13.2
6 6 822 53.3 716 46.8 1.13 383.7 3.81⇥10�6 11.5
7 6 821 46.4 621 46.7 0.98 382.6 3.81⇥10�6 10.0
8 6 819 40.3 538 46.5 0.85 381.6 2.79⇥10�6 8.7

To enable injection of a control flow, a new gas injection system was implemented in the HDT. This consisted of
a 4.9⇥10�3 m3 external reservoir, which was connected through valve V5 (see Figure 2) with 8 mm internal diameter
pipework to the test section. The fast-acting valve had a minimum differential opening pressure of 0.7 bar. A limiter
could be included to cause a pressure loss which enabled low pressures to be reached in the plenum. This system
was controlled via the tunnel control system to executed prescribed valve opening and closing times in relation to the
tunnel. Timings were set so that the pressure in the model’s plenum reached a steady level before the tunnel was fired.
The drop in plenum pressure over each test was < 1%.
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Figure 21. The theoretical flow field around a supersonic jet into a hypersonic crossflow, taken from Spaid (1975) 

 

 
Figure 22. Schlieren image from the second plateau of a condition A shot with 120 kPa injection pressure showing the 

detail of the separation induced upstream of the injector plume. 

At each freestream/injection condition, two repeat tests were undertaken with the injection gas being air and N2. This 
allowed for the calculation of the local film effectiveness (Equation 1) from the PSP measurements. This gives a direct 
measurement of where the injection gas reaches and the separation distance. 

 ! = 1 − %&
'()*
'+,-

− 1.
/+,-

/()*
+ 11 (1) 

The film effectiveness on the exhaust, as defined by Equation 1, is presented for a single case in Figure 23. This shows 
that just upstream of the injector there is a high concentration of the injected gas in the separation region ranging from a 
film effectiveness of 0.3 to 0.7. On both spanwise edges, injectant is seen to be further upstream due to the lower pressure 
on either side due to three-dimensional spillage, thus allowing for an increased separation distance. Downstream of the 
injector, there is a near zero value of film effectiveness suggesting the injected gas completely lifts-off from the surface. 
There appears to be some artefact seen in the upstream location which should not be present and is likely an effect of non-
ideal illumination of the PSP.  

Figure 24 compares the separation distance determined from the PSP and schlieren imaging as a function of injection 
pressure ratio. The data agree extremely well. The separation distance is seen to rise rapidly for a small amount of 
injection, though the rise tails off at higher injection pressures. Lower Reynolds numbers have slightly larger separation 

IV. Results
A. Flowfield and Injection Induced Separation

The primary mechanism that drives FTV is the flowfield that occurs near the injection slot. The FTV force mainly
results from a local increase in surface pressure due to a separation in the boundary layer upstream of the injector. The
size of this separation can be measured directly from the schlieren footage or from the processed PSP data. Figure 8
shows the flow pattern around an ideal 2D injector on a flat plate and an image from the schlieren footage. Similar
features occur in each case.

Figure 8. The theoretical flowfield around a supersonic jet into a hypersonic crossflow, taken from [16], compared with a schlieren image
from the second plateau of a condition A shot with 120 kPa injection pressure.

The film effectiveness on the exhaust, as defined in Equation 1, is presented for a single case in Figure 9. This
shows just upstream of the injector there is a high concentration of the injected gas in the separation region ranging
from a film effectiveness of 0.3 to 0.7. On both spanwise edges, injectant is seen to be further upstream due to the
lower pressure on either side due to spillage, thus, allowing for an increased separation distance. Downstream of the
injector, there is near zero value of film effectiveness suggesting the injected gas completely lifts-off from the surface.
There appears to be some artefact seen in the upstream location which should not be present.

Figure 10 compares the separation distance determined from the PSP and schlieren imaging and as a function of
injection pressure ratio. The data agree extremely well. The separation distance is seen to rise rapidly for a small
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distances, which would not be expected for 2D flat plates (Kumar & Smith 1997). This suggests that the three dimensional 
geometry and presence of the pressure gradient due to the nozzle expansion must have an effect.  

 

Figure 23. Film effectiveness map determined for unit Re = 21.7 ×106 m−1 and an injection pressure of 120 kPa. 

 
 

 

Figure 24. Comparison of the separation distances upstream of the injection location predicted by the 2D CFD 
simulations and measured in the experiments. 

A comparison of the pressure distribution, measured by the PSP on the nozzle surface, with and without injection across 
the exhaust is presented in Figure 25. The injection case shows a significant increase in the pressure just upstream of the 
injector followed by a drop-off downstream. The three dimensional spillage is clearly visible, particularly in the injection 
case where it is more pronounced than the no-injection case. This is potentially due to the fact that the array of injector is 
not full width and thus neither is the full interaction of the cross flow with the injector plumes (see Figure 16).  
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Figure 9. Film effectiveness map determined for Reunit = 21.7 ⇥106 m�1 and an injection pressure of 120 kPa.

amount of injection, though the rise tails off at higher injection pressures. Lower Reynolds numbers have slightly
larger separation distances, which would not be expected for 2D flat plates [22]. This suggests the three dimensional
and small pressure gradient must have an effect.
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Figure 10. Separation distances upstream of the injection location.
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Figure 9. Film effectiveness map determined for Reunit = 21.7 ⇥106 m�1 and an injection pressure of 120 kPa.

amount of injection, though the rise tails off at higher injection pressures. Lower Reynolds numbers have slightly
larger separation distances, which would not be expected for 2D flat plates [22]. This suggests the three dimensional
and small pressure gradient must have an effect.
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Figure 10. Separation distances upstream of the injection location.
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Figure 25. Surface pressure for a unit Re = 21.7 ×106 m−1 with no injection (top) and injection at 120 kPa (bottom). 

Figure 26 shows the centreline pressure normalised by the no injection cases for different injection pressures for a 
freestream unit Reynolds number of 13.2 ×106 m−1. As injection pressure increases, a larger peak pressure is measured 
upstream of the injector and the separation length increases. The two dimensional CFD does not agree with the 
experiments, with a much lower peak normalised pressure and a larger separation distance including a shallower region. 

 

 

Figure 26. Surface pressure normalised by the corresponding no injection case, for a unit Re = 13.2 ×106 m−1 at various 
injection pressures. 

 

To compare all of the tests, the moment and force ratios are defined in Equations 2, 3 and 4.  Figures 27, 28, and 29 show 
these load ratios plotted against the injection pressure ratio. In each case, there is a strong linear relationship between the 

B. Surface Pressure

A comparison of the pressure with and without injection across the exhaust is presented in Figure 11. The injection
case shows a significant increase in the pressure just upstream of the injector followed by a drop-off downstream. The
three dimensional spillage is clearly visible, particularly in the injection case where it is currently unclear why this
is larger than the no-injection case. Figure 12 shows the centreline pressure normalised by the no injection cases for
different injection pressures for a freestream unit Reynolds number of 13.2 ⇥106 m�1. As injection pressure increases,
a larger peak pressure is measured upstream of the injector and the separation length increases. The two dimensional
CFD does not agree with the experiments, with a much lower peak normalised pressure and a larger separation distance
including a shallower region.

-80 -70 -60 -50 -40 -30 -20 -10 0
Streamwise Position [mm]

-30

-20

-10

0

10

20

30

Sp
an

w
is

e 
Po

si
tio

n 
[m

m
]

0

1

2

3

4

5

6

7

8

9

10

[k
Pa

]

Figure 11. Surface pressure for a Reunit = 21.7 ⇥106 m�1 with no injection (top) and injection at 120 kPa (bottom).

C. Force Measurement

To compare all of the tests, the moment and force ratios defined in Equations 2, 3 and 4, where Figures 13, 14, and 15
show these plotted against the injection pressure ratio. In each case, there is a strong linear relationship between the
plotted ratio and the injeciton pressure ratio. The results from CFD simulations are also presented for comparison, a
very close agreement is seen in pitch and drag ratios. There is a clear discrepancy in the experimental and numerical
lift ratio. In the experiments, the volume underneath the model protected by the shielding filled with gas and resulted in
a significant static pressure to produce an additional lift force on the model. Due to this force being a distributed load it
had a negligible effect on the pitch. This is not captured in the 2D simulations. The corrected CFD points in Figure 13
were created by adding an offset to the no-injection lift forces, representing this effect. The forces correspond to a
pressure of approximately 1500 Pa and 2500 Pa for the 13 bar and 21.5 bar total pressure conditions respectively. This
is approximately what would be expected and in the next test campaign a pressure transducer will be placed underneath
the model to directly measure this effect. The points are coloured depending on the freestream Reynolds number of
the shot. Data all lies close to the same line, suggesting a Reynolds number independence. This agrees well with the
conclusions drawn by Spaid [16].

Lift ratio =
Lin j � Lno in j

Lno in j
(2)

Drag ratio =
Din j � Dno in j

Dno in j
(3)

Pitch moment ratio =
Min j � Mno in j

Mno in j
(4)
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Figure 12. Surface pressure normalised by the corresponding no injection case, for a unit Reynolds number of 13.2 ⇥106 m�1 at various
injection pressures.
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Figure 13. The lift ratio, defined by Equation 2.
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plotted ratio and the injection pressure ratio. The results from CFD simulations are also presented for comparison, a very 
close agreement is seen in pitch and drag ratios. There is a clear discrepancy in the experimental and numerical lift ratio.  

 

 Lift	ratio =
:);<=:;>	);<

:;>	);<
 (2) 

 Drag	ratio =
A);<=A;>	);<

A;>	);<
 (3) 

 Pitch	moment	ratio =
/);<=/;>	);<

/;>	);<
 (4) 

 

In the experiments, the volume underneath the model protected by the shielding filled with gas and resulted in a significant 
static pressure to produce an additional lift force on the model. Due to this force being a distributed load it had a negligible 
effect on the pitch. This is not captured in the 2D simulations. The corrected CFD points in Figure 27 were created by 
adding an offset to the no-injection lift forces, representing this effect. The forces correspond to a pressure of 
approximately 1500 Pa and 2500 Pa for the 13 bar and 21.5 bar total pressure conditions respectively. This is 
approximately what would be expected and in the next test campaign a pressure transducer will be placed underneath the 
model to directly measure this effect. The points are coloured depending on the freestream Reynolds number of the shot. 
Data all lies close to the same line, suggesting a Reynolds number independence. This agrees well with the conclusions 
drawn by Spaid (1975). 

 

 

 

Figure 27. The dependence of lift ratio (eq. 2) on pressure ratio. 

 

-80 -70 -60 -50 -40 -30 -20 -10 0
Streamwise Position [mm]

0

2

4

6

8

10

12

14

16

N
or

m
al

is
ed

 C
en

te
rli

ne
 P

re
ss

ur
e,

 p
/p

no
 in

j

pinj /p0

(PSP) 10.30%
(PSP) 06.84%
(PSP) 03.40%
(PSP) 01.75%
(CFD) 18.57
(CFD) 11.15%
(CFD) 05.54%
(CFD) 02.85%

Figure 12. Surface pressure normalised by the corresponding no injection case, for a unit Reynolds number of 13.2 ⇥106 m�1 at various
injection pressures.
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Figure 13. The lift ratio, defined by Equation 2.
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Figure 28. The dependence of drag ratio (eq. 3) on pressure ratio. 

 
 

 
Figure 29. The dependence of pitch moment ratio (eq. 4) on pressure ratio. 

 

The interaction between a jet and a supersonic freestream is well understood for a parallel crossflow and the effectiveness 
of the jet can be described by an amplification factor, K. This is defined as the upstream interaction force plus the jet 
thrust normalised by the vacuum thrust of a sonic jet with the same total pressure and mass flow rate (Spaid 1975) 
(Equations 5, 6 and 7). For the experimental data, the upstream interaction force plus the jet thrust can be simplified as 
the difference between the lift and drag forces in the direction normal to the expansion surface of the model. 
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Figure 14. The drag ratio, defined by Equation 3.
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Figure 15. The pitch moment ratio, defined by Equation 4.
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 K =
I);<=I;>	);<

JK(L
 (5) 

 MNOP = Q̇STUV∗ + XSTU
∗ VYZZ (6) 

 VYZZ = [\V∗ (7) 

Figure 30 shows the K factors for each shot plotted against the injection pressure normalised by the freestream stagnation 
pressure. There is a large spread of K at low injection pressures because the effective FTV forces are relatively much 
smaller than the total measured forces so the uncertainty of the K factor is amplified. The uncertainty of the load cell 
measurements is approximately 3 % and 2 % for drag and lift forces respectively. This corresponds to an uncertainty in 
the K factor of approximately 20 % at higher injection pressure ratios. Some of the conclusions of Spaid (1975) can be 
observed in the data obtained from this experiment: the amplification factor typically remains between 2 and 4; the 
amplification factor is insensitive to boundary layer edge Reynolds numbers; the amplification factor decreases at higher 
injection to boundary layer edge pressure ratios. 

 

 

Figure 30. The dependence of amplification factor (eq. 5) on pressure ratio. 

 

Conclusions  

An experimental method integrating PSP, schlieren and a 6-component load cell for investigating fluidic thrust vectoring 
on hypersonic aircraft has been successfully demonstrated in the Oxford High Density Tunnel. Results obtained have 
been comparable to previous numerical and experimental research for a similar geometry and in more abstract studies. 
For a fundamental scramjet model, the forces produced by an FTV system have been found to be of a similar magnitude 
to the nominal, no injection, body forces. The ratios of the force components were found to have clear, proportionate 
relations to the injection pressure ratio. The amplification factor, K, was found to be of order 3, independent of Reynolds 
number and injection pressure ratio; in very good agreement with existing theory. 3D and spillage effects are noted to 
significantly affect the flow field. A strong relation between the size of the separated area and the FTV effect has been 
found. At low injection pressures, the incremental gain of additional injection is large, levering- off at higher injection 
pressures. Further investigation into alternative methods of increasing the size of the separation would are recommended. 

The final phase of the project repeating the experiments for the internal expansion nozzle will be completed in early 2019. 

 

D. Amplification Factor

The interaction between a jet and a supersonic freestream is well understood and the effectiveness of the jet can be
described by an amplification factor, K. This is defined as the upstream interaction force plus the jet thrust normalised
by the vacuum thrust of a sonic jet with the same total pressure and mass flow rate [16] (Equations 5, 6 and 7). For the
experimental data, the upstream interaction force plus the jet thrust can be simplified as the difference between the lift
and drag forces in the direction normal to the expansion surface of the model.

K =
Fin j � Fno in j

Tvac
(5)

Tvac = ṁin jA⇤ + p⇤in jAe f f (6)

Ae f f = CdA⇤ (7)

Figure 16 shows the K factors for each shot plotted against the injection pressure normalised by the freestream
stagnation pressure. There is a large spread at low injection pressures because the effective FTV forces are relatively
much smaller than the total measured forces so the uncertainty of the K factor is amplified. The uncertainty of the
load cell measurements is approximately 3 % and 2 % for drag and lift forces respectively. This corresponds to an
uncertainty in the K factor of approximately 20 % at higher injection pressure ratios. Some of the conclusions of
Spaid [16] can be observed in data obtained from this experiment: the amplification factor typically remains between
2 and 4; the amplification factor is insensitive to boundary layer edge Reynolds numbers; the amplification factor
decreases at higher injection to boundary layer edge pressure ratios.
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Figure 16. The injection thrust amplification factor, K, as a function of injection pressure ratio.

V. Summary and Conclusions
An experimental method integrating PSP, schliern and a 6-axis load cell for investigating fluidic thrust vectoring on
hypersonic aircraft has been successfully demonstrated in the the Oxford High Density Tunnel. Results obtained have
been comparable to previous numerical and experimental research for a similar geometry and in more abstract studies.
For a fundamental scramjet model, the forces produced by an FTV system have been found to be of a similar magnitude
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Recommendations for Future Work 

Now that the methodology for investigating the application of fluidic thrust vectoring in short duration hypersonic tunnels, 
has been successfully demonstrated, a number of recommendations are made to extend this work for hypersonic FTV 
including: 

• Use a combination of CFD and experimental validation to investigate the vectoring performance of a range of 
injector locations. 

• Use a combination of CFD and experimental validation to investigate the vectoring performance of a range of 
injector designs including arrays of sonic and supersonic porthole and slots. 

• Use a combination of CFD and experimental validation to investigate the vectoring performance for a range of 
nozzle geometries.  

• Design and test configurations that can vector in both pitch directions. 

• Perform fundamental experiments to measure the interaction of an injector plume with expanding supersonic 
and hypersonic crossflows. 

• Incorporate FTV into a pitching hypersonic model to measure control response. 
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